A pulsatile pressure-flow model was developed for in vitro quantitative color Doppler flow mapping studies of valvular regurgitation. The flow through the system was generated by a piston which was driven by stepper motors controlled by a computer. The piston was connected to acrylic chambers designed to simulate ventricular and atrial heart chambers. Inside the ventricular chamber, a prosthetic heart valve was placed at the inflow connection with the atrial chamber while another prosthetic valve was positioned at the outflow connection with flexible tubes, elastic balloons and a reservoir arranged to mimic the peripheral circulation. The flow model was filled with a 0.25% corn starch/water suspension to improve Doppler imaging. A continuous flow pump transferred the liquid from the peripheral reservoir to another one connected to the atrial chamber. The dimensions of the flow model were designed to permit adequate imaging by Doppler echocardiography. Acoustic windows allowed placement of transducers distal and perpendicular to the valves, so that the ultrasound beam could be positioned parallel to the valvular flow. Strain-gauge and electromagnetic transducers were used for measurements of pressure and flow in different segments of the system. The flow model was also designed to fit different sizes and types of prosthetic valves. This pulsatile flow model was able to generate pressure and flow in the physiological human range, with independent adjustment of pulse duration and rate as well as of stroke volume. This model mimics flow profiles observed in patients with regurgitant prosthetic valves. Key words
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Spectral and especially color Doppler flow mapping techniques have been used extensively in the clinical setting to estimate noninvasively the severity of valvular regurgitation (1) (2) (3) (4) (5) . A number of different Doppler methods for quantitation of valve regurgitation have been described, including measurement of the spatial distribution of regurgitant jets in the receiving chamber (3, 6) , quantitation of regurgitant flow rate using flow convergence proximal to the orifice (7, 8) , momentum flux analysis (9) , and dimensions of vena contracta (10, 11) .
An improved understanding of the interrelations between flow mapping and hydrodynamics has brought to light important limi-tations of these methods for grading the severity of regurgitation. Technical factors related either to the instrumentation or to the physics of ultrasound and a variety of physiological factors in addition to the volume of regurgitation and the entrainment of the surrounding fluid in the receiving chamber can influence the quantitation of valvular insufficiency by the color Doppler techniques (10, (12) (13) (14) (15) .
The evaluation of the relative influence of these multiple and interrelated factors for quantitative evaluation of valvular regurgitation cannot be adequately performed in the clinical setting. Therefore, in vitro models of valve regurgitation, by producing strict and simultaneous control of multiple variables, play an important role for the methodological validation of Doppler methods for estimating the severity of valvular insufficiency. Several types of in vitro flow models have been designed for Doppler echocardiographic studies (12, (16) (17) (18) (19) . Pulsatile flow models can provide better simulation of the physiological conditions observed in the human cardiovascular system.
We describe here an in vitro pulsatile pressure-flow model designed to simulate pressure and flow patterns documented in the human heart and to provide adequate conditions for quantitative evaluation of valvular regurgitation by color Doppler flow mapping in prosthetic valves strategically placed at the inflow and outflow portions of the flow model. In addition, the system was designed to permit controlled variations of peripheral circulation resistance and chamber compliance.
The flow simulator, depicted in Figure 1 , was composed of 1) a computerized pulse generation system controlling a piston driven by stepper motors; 2) acrylic chambers designed to simulate heart chambers, and 3) flexible tubes, elastic balloons and reservoirs arranged to mimic the peripheral circulation.
The flow model was filled with a 0.25% corn starch/water suspension to improve Doppler imaging. The pulsatile flow through the system was produced by a piston driven by two stepper motors (Miniangle stepper, 34PM -CO41 model; Minebea Co.) controlled by an IBM compatible personal computer. Software was developed using Quick Basic 40 to gener- ate a pulsatile function with variable and adjustable profile, amplitude and rate. This software was also used to control the opening of a solenoid valve which was the part of the system designed to mimic atrial contraction. An electronic interface between the computer and the stepper motors was used to meet compatible voltage and current requirements.
The piston was built inside an acrylic chamber which had two connections: at one end it was connected by a non-valved tube to the acrylic chambers designed to simulate ventricular and atrial heart chambers; at the other end, a valved tube connected the piston to a flexible tube and a reservoir (reservoir B). During forward movement of the piston this valve did not permit flow directed to the reservoir, but during the piston backward movement the chamber was filled with liquid from reservoir B. This mechanism reduced the resistance during the excursion of the piston. Inside the ventricular chamber, a replaceable prosthetic heart valve (biological or mechanical) of variable size could be placed at the inflow connection with the atrial chamber while another prosthetic valve was positioned at the outflow connection with the flexible tubes, elastic balloons and a reservoir arranged to mimic the peripheral circulation. The balloons were arranged according to the Windkessel model to simulate variable arterial compliances. Fluid level at the atrial reservoir was maintained constant by a continuous flow pump (VEB MLW Prüfgeräte-Werk, UH4 model) which transferred liquid from the peripheral reservoir B to another one connected to the atrial chamber (reservoir A). The height of reservoir A could be changed to obtain different atrial pressures.
The compliance of the acrylic atrial chamber was modified by connecting it to an elastic balloon filled with the same corn starch/water suspension. To simulate atrial contraction, this balloon was positioned inside another acrylic cylinder filled with atmospheric air. This cylinder completely surrounded the balloon. A solenoid valve was connected to the cylinder and to an air pump. An infrared sensor located in the piston was used to synchronize the opening of the solenoid valve during a controlled period of time with the piston movement, allowing atmospheric air to enter the cylinder and to compress the balloon, increasing atrial pressure and simulating atrial contraction.
The dimensions of the flow model were designed to permit adequate imaging by Doppler echocardiography. Acoustic windows allowed placement of transducers distal and perpendicular to the valves, so that the ultrasound beam could be positioned parallel to the valvular flow. A commercially available ultrasound system (HewlettPackard Sonos 1000, Waltham, MA, USA) with 3.5-or 5.0-MHz phased-array transducers was used for imaging flow through the prosthetic valves. Strain-gauge (Statham, P23Ab) and electromagnetic transducers (Electromagnetic Blood Flowmeter, SP2200 model) were used for measurements of pressure and flow in different segments of the system. An 8-channel physiologic recorder (Hewlett-Packard 4588A) was used to record these variables. The flow model was also designed to fit different sizes and types of prosthetic valves.
Pressure curves similar to those observed in human ventricular and atrial chambers as well as in the peripheral arterial system were observed in the flow model as shown in Figure 2 . Even a dicrotic notch similar to that seen in the aortic pressure curve was obtained with this model. A negative early diastolic ventricular pressure varying from -10 to -30 mmHg, probably related to the backward movement of the piston and to the system (tube plus gauge) impedance, was frequently documented. During the diastolic period, the backward movement of the piston also influenced the shape of the pulsatile atrial pressure curve. However, the mean atrial pressure was similar to that observed under physiological conditions.
By changing the amplitude of the piston movement it was possible to modify pressure and flow generated by the pulsatile flow model within a physiological range (90 to 120 ml/beat). Increasing impedance by localized constriction in the peripheral circulation progressively increased pulse pressure. The flow model allowed variation of pulse rate from 35 to 54 beats/min and also independent control of the rate of pressure rise during forward movement of the piston, keeping constant pulse rate and amplitude ( Figure 2 ). Flow velocities through mechanical and biological prosthetic valves were documented by color Doppler flow mapping and pulsed Doppler. The patterns of normal and regurgitant flows ( Figure 3 ) obtained with this model were similar to those obtained in patients with prosthetic valves (Figure 3) . Quantification of the magnitude of valvular regurgitation can be obtained by evaluating flow through prosthetic valves and peripheral circulation with electromagnetic flow meters. When the atrial contraction was synchronized with piston movement the velocity profile obtained mimicked the diastolic flow documented at the ventricular inflow (Figure 3) .
The in vitro pulsatile flow system described in this investigation was suitable for simulating pressure and flow conditions similar to those observed in the human circulation under physiological conditions. In addition, it allowed a strictly controlled and independent variation of a number of different variables which can influence the magnitude of valvular regurgitation as evaluated by color Doppler flow mapping. Therefore, reproducible right and left human ventricular flow and pressure conditions could be simulated with independent adjustments of pulse duration and rate, rate of pressure generation, stroke volume, system impedance and chamber compliances. The flow system was also designed and effectively used to evaluate normal and dysfunctional (regurgitant or stenotic) prostheses of variable types and sizes. The flow model was also able to mimic atrial contraction synchronized with piston movement, thereby producing a ventricular chamber filling pattern similar to the human physiological pattern. A cycle-tocycle monitoring of pressure and flow curves in different segments of the flow model assured continuous quantitation of pressure gradients and flow conditions. Considering that this flow model was specifically designed for Doppler echocardiography studies, acoustic windows were strategically positioned to provide adequate visualization of the flow through the prosthetic valves. Although this flow simulator has been designed for quantitative evaluation of the magnitude of valvular regurgitation by Doppler echocardiographic techniques, it can also be used for a number of different types of investigations including 1) evaluation of the flow pattern through normal valve prostheses of variable sizes, 2) analysis of the effects of atrial or ventricular compliance and of atrial contraction on ventricular filling, and 3) quantitative evaluation of prosthetic valve regurgitation at the ventricular outflow and inflow levels.
Some limitations were identified in this pulsatile flow model. Stepper motor power was not able to maintain an adequate excursion of the piston when peripheral resistance was progressively increased. Therefore, this simulator appears to be inadequate for quantitative studies of stenotic prosthetic valves positioned at the ventricular outflow level. In addition, only a limited range of pulse rate, varying from 35 to 54 pulses/min, could be generated using this flow model. It would be possible to correct these limitations using more powerful motors and reducing the dimensions of the piston.
In conclusion, the pulsatile flow model described in this investigation was adequate to simulate pressure and flow conditions in the human physiological range and may thus represent an important tool for quantitative evaluation of the magnitude of valvular regurgitation by color Doppler flow mapping.
